
Gut Microbiome in COVID-19: New Insights 19
A. K. Sharma

Abstract

The last discovered organ of the human body is microbiome which is present at
different sites in it. Gut microbiome consists of about 1000–1500 bacterial
species and as regulated by genetic makeup, lifestyle, and environmental
conditions, the gut microbiota of a healthy individual can comprise approxi-
mately 160 species of bacteria. Majority of gut microbiome consists of
Firmicutes, Actinobacteria, Bacteroidetes, and to a lesser extent Proteobacteria,
Euryarchaeota, Fusobacteria, and Verrucomicrobia. The gut-lung axis is involved
in the migration of immune cells from gut to respiratory tract through circulation
and encourages the host’s ability to fight infections. The gut regulates the
responses in lungs via host-acquired inflammatory mediators in the circulation.
Dendritic cells located in the Peyer’s patches of the intestine, macrophages, and
Langerhans cells are the major antigen-presenting cells that play a vital role in the
modulation and development of innate immune response. Gut microbiota
interacts via the regulation and development of adaptive immune response. B
and T lymphocytes are the key players of adaptive immunity. CD4 + T cells after
activation differentiate into four major kinds of cell classes: (1) regulatory T cells
(Treg), (2) Th2, (3) Th1, and (4) Th17 cells. Gut microbial interactions can induce
the production of various types of immune cells as demonstrated by various
studies. For instance, Clostridia induces the formation of Treg cells. Likewise,
Bacteroides fragilis inhabiting the gut can incite the production of Th1 cells and
production of T17 cells is stimulated by segmental filamentous bacteria. Gut
microbiota also plays a vital role in the physiology and metabolism leading to the
synthesis of various immunoregulatory metabolites such as SCFAs, antimicrobial
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peptides (AMPs), amino acids, and polyamines. SARS-CoV-2 virus entry to the
cell is via ACE2 receptor present in respiratory epithelium and gut epithelium.
This receptor is highly expressed (100 times more than in the lung) in the
epithelial cells of the stomach, duodenum, ileum, and rectum as well as
cholangiocytes and hepatocytes. High level of ACE2 receptor expressing in the
gastrointestinal epithelial cells along with high-level co-expression of TMPRSS2
(cellular serine peptidase) causes coronavirus to infect gastrointestinal tract along
with lungs leading to altered intestinal permeability and enterocyte malabsorption
with symptoms of diarrhea in patients of COVID-19. Hence, COVID-19 patients
with gastrointestinal symptoms have significantly longer duration of illness and
viral clearance time than patients without any gastrointestinal symptoms. Obese
patients with gut dysbiosis have decreased population of Bacteroides species.
COVID-19 patients with type 2 diabetics have increased population of
Fusobacterium, Ruminococcus, and Blautia with decreased population of
Bacteroides, Bifidobacterium, Faecalibacterium, Akkermansia, and Roseburia.
Diet with low fiber, high fat, and high carbohydrate causes gut dysbiosis. Intake
of high-fiber diet consisting of whole grains, vegetables, and fruits induces
growth of Bifidobacterium, Bacteroides, and Lactobacilli. Probiotics are non-
pathogenic live organisms which are safe to be taken as dietary supplements. The
major genera of probiotics are Lactobacillus, Bifidobacterium, and Saccharomy-
ces. These probiotics increase the activity of T cells, NK cell, and polymorpho-
nuclear cells. Prebiotics in the form of maize fiber, inulin, and polydextrose
improves digestion and immunity. Hence, healthy gut microbiome with its strong
immune intervention may bring recovery in COVID-19 patients. However, so far
no published studies have reported that probiotics can be used as an adjunctive
therapy in our fight against the SARS-CoV-2 infection. A far-reaching approach
should consist of randomized, multicenter, controlled trials to explore the poten-
tial benefits of gut microbiome and how changes in dietary habits can be used as
an add-on strategy against the COVID-19 pandemic.
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19.1 Introduction

The last discovered organ of the human body is microbiome which is present at
different sites in it. The microbiome of the human body is probably one of the
significant factors playing a major role in the COVID-19 epidemic. The composition
of microbiome in humans is trillions of microbes mostly consisting of tiny fauna,
fungi, viruses, and other living entities which inhabit every part of the body. Gut
microbiome consists of multispecies commensals having a strong impact on host
immune homeostasis in the gut. The count of microbes residing in gastrointestinal

334 A. K. Sharma



tract (GIT) has been predicted to be more than 1014 and altogether their genomic
content is reported to be 100 times the amount of total human genome (Bäckhed
et al. 2005). Gut microbiome consists of about 1000–1500 bacterial species and as
regulated by the genetic makeup, lifestyle, and environmental conditions, the gut
microbiota of a healthy individual can comprise approximately 160 species of
bacteria. Firmicutes and Bacteroidetes are among the most predominant genera
found in the gut while lung microbiota is predominantly composed of
Proteobacteria, Bacteroidetes, and Firmicutes (Zhang et al. 2020). Gut microbiota
offers numerous benefits to its host which include direct inhibition of pathogens,
maintaining gut integrity, metabolizing undigested compounds especially certain
carbohydrates, as well as developing and strengthening the mucosal barrier along
with intestinal epithelium (Natividad and Verdu 2013). Complex network of
interactions exists between the gut microbiota and human immune system as
approximately 70–80% of body’s total immunological components exist in the
gut. Majority of gut microbiome consists of Firmicutes, Actinobacteria,
Bacteroidetes, and to a lesser extent Proteobacteria, Euryarchaeota, Fusobacteria,
and Verrucomicrobia. This community of microorganisms have evolved along with
human species over millions of years. Due to this coevolution of prokaryotic bacteria
and eukaryotic cells, the genomic functional complementarity with genetic reduction
could occur among themselves. It is important to note that organs such as the lungs,
stomach, esophagus, and intestine, also populated by the microbiota, are all embryo-
logically derived from same germline endoderm. So, it is not surprising that these
developmentally homologous organs are connected to each other in gut-lung axis. It
is a bidirectional communication which means that microbial metabolites and
endotoxins from gut can affect the lungs and vice versa (Dhar and Mohanty
2020). The gut-lung axis is involved in the migration of immune cells from gut to
respiratory tract through circulation, where it encourages the host’s ability to fight
infections. The gut regulates the responses in lungs via host-acquired inflammatory
mediators in the circulation. Some studies have shown that changes do occur in the
gut microbiota of mice during its infection of lung by respiratory syncytial virus
infection (Groves et al. 2020). The interactions between gut and lung axis are caused
either by the involvement of immune cells or via gut microbes or their products.
However, microbes and their products which enter the intestinal mucosa are
phagocytosed by the APCs and then moved to mesenteric lymph nodes which in
turn might activate B and T cells. After activation, both B and T lymphocytes can
either move to their original site, i.e., intestinal mucosa, or migrate to a different
action site, e.g., lungs. The second proposed mechanism is that surviving bacteria or
any bacterial products can enter the circulation and reach lungs either via blood or
via lymphatic system generating a local or general immunological response that can
further damage the lungs (Bingula et al. 2017). A study conducted by Fagundes et al.
(2012) highlighted the impact of gut microbiota on lungs. In this study, mice lacking
intestinal microbiota displayed much lower pathogenic clearance from lungs
(Fagundes et al. 2012). Similarly, another study reported that intratracheal adminis-
tration of lipopolysaccharide (LPS) might disturb the lung microbiota, which in turn
can cause disruption of gut microbiota as well as increases the bacterial load (Sze
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et al. 2014). Various changes in the composition of microbiome in the gut and also of
the lungs are connected to the immune response alterations and disease development
in COVID-19 patients. For example, chronic obstructive pulmonary disease (COPD)
typically occurs together with chronic diseases of the gastrointestinal tract. COVID-
19 patients have symptoms of myalgia, fever, cough, fatigue, and pneumonia which
may lead to acute respiratory distress syndrome with or without multiorgan dysfunc-
tion (Musa 2020). A lot of studies have reported the appearance of gastrointestinal
symptoms (nausea, vomiting, abdominal pain, and diarrhea) as mild or severe during
the course of COVID-19 infection. These symptoms can be caused either because of
the ability of SARS-CoV-2 to directly bind, invade, and infect the enterocytes via
gut-lung-microbiota axis or through immune-regulatory mechanisms (Dumas et al.
2018).

19.2 Gut-Lung Axis

Any change in gut microbiome is linked to a bidirectional deviation in the interaction
between the gut and human organs which eventually may cause severe disease
symptoms in COVID-19 patients. An increase in Clostridia species and reduction
in Bifidobacteria in gut microbiome are linked to asthma in early life (Anand and
Mande 2018). The gut-lung axis also causes the migration of immune cells from gut
to respiratory tract through blood circulation, which helps the host’s ability to fight
infections. Thus gut is able to regulate the immune responses in lungs via host-
acquired inflammatory mediators (e.g., IL-6, TNFα) in the circulation. The elevated
levels of these inflammatory mediators detected in the serum of patients with gut
disorders influence immune responses in the lungs. The viral infections of respira-
tory tract can alter the intestinal microbiome in situations where the intestinal
microbiome develops the adaptive immune responses against the respiratory
pathogens which is necessary for priming the innate immune responses against
those pulmonary infections. It is common during respiratory viral infections that
the level of macrophage response to the respiratory viruses depends on the presence
of healthy intestinal microbes (Hanada et al. 2018). This suggests that the lung and
the gut are closely linked organs that affect each other’s homeostasis via an immu-
nological coordination between them. Emerging data identifies the role of gut
microbiota in improving the antiviral immunity (He et al. 2020). Certain reports
also suggest the role of gut microbiota modulation in reducing enteritis and
ventilator-associated pneumonia and reversing the side effects of antibiotics so as
to reduce the replication of influenza virus in lung epithelium. However, at present
no clinical evidence is available of gut microbiota modulation as a therapy for
treating COVID-19. Few emerging reports have shown the role of targeting the
gut microbiota as an adjuvant therapeutic option.
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19.3 Gut Microbiome and Immunity

Gut microbiome has a role in the pathogenesis of various multifactorial diseases like
inflammatory bowel disease (IBD), chronic heart diseases and kidney diseases, and
type 2 diabetes mellitus (Wu andWu 2012). The common microbial species found in
gastrointestinal tract are Firmicutes, Bacteroidetes, Proteobacteria, and
Actinobacteria for providing nutrients and maintaining homeostasis in the host.
Human intestine is exceptional in its own way as it possesses an outstanding
mechanism for the development of host immune system. The immune system in
gastrointestinal tract is an intestine mucosa immune system or gut-associated lym-
phoid tissue (GALT) with three different structures: epithelial and mucosal barrier,
lamina propria, and Peyer’s patches (PPs). The epithelial and mucosal barriers are
the small intestinal epithelium and Paneth cells which secrete antimicrobial peptides
(AMPs). Immune cells of mucosal barrier contain innate lymphoid cells, natural
killer or NK cells, intraepithelial lymphocytes (IEL), cytolytic and immunoregula-
tory αβ+ and γδ+ T cells, DCs, and Tregs (Johnson et al. 2019). The lamina propria
and lower layer of intestinal epithelial cells carry a large number of innate lymphoid
cells (ILCs) and B, NK, and T cells (γδ+ T, Th17). The key role of T cells seated in
the lamina propria is to rapidly respond to the lumen signals and generate an
appropriate anti-inflammatory response through secreting cytokines (IL17, IL22,
IFN-γ, and IL26) and also inducing defensins and chemokine (Montalban-Arques
et al. 2018; Bhagat et al. 2008). Intestinal homeostasis is achieved by the interaction
and coordination of intestinal innate and adaptive immunity, both having mutually
advantageous relationship among them. Gut microbiota exhibits their regulatory
effect on innate immunity mainly via the antigen-presenting cells (APCs), for
example, dendritic cells located in Peyer’s patches, Langerhans cells, and
macrophages. These cells however have some immunogenic properties which
enable them to be tolerant towards the gut microbiota. For instance, macrophages
develop “inflammation anergy” (Smythies et al. 2005). Mast cells and NK cells are
the major components of innate immune system that interacts with the gut
microbiome cells. B and T lymphocytes are the major kinds of cells induced and
involved whenever gut microbiome interacts via adaptive host immune response. B
cells of gut are found mostly in the Payer’s patches. Gut microbiome may also have a
role in the development of plasma cells since a study on germ-free mice revealed that
they have lower levels of plasma (Ivanov et al. 2009). T cells constitute an essential
component of adaptive immune response. CD4+ (cytotoxic) T cells after getting
activated differentiate into four major types, namely Th1, Th2, Treg (regulatory
t cells), and Th17 cells (Smythies et al. 2005). Gut microbial interactions can induce
the production of various types of immune cells as demonstrated by various studies.
For instance, Clostridia induces the formation of Treg cells. Likewise, Bacteroides
fragilis inhabiting the gut can incite the production of Th1 cells and production of
T17 cells is stimulated by segmental filamentous bacteria (Mazmanian et al. 2005;
Nagano et al. 2012). Many studies have reported that synthesis and count of CD25+,
CD4+, and NK cells and mononuclear leukocytes can be increased by
Bifidobacterium lactis (Levy et al. 2017). In addition, gut microbiota plays a vital
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role in the physiology and metabolism leading to the synthesis of various immuno-
regulatory metabolites such as SCFAs, AMPs (antimicrobial peptides), amino acids,
and polyamines (Gill et al. 2001). Therefore, gut microbiota plays a vital role in the
development of adequate host immune responses. As mentioned before, many
patients infected with SARS-CoV-2 display gastrointestinal symptoms due to the
invasion of intestinal enterocytes by virus indicating that SARS-CoV-2 might be
interacting and disturbing the balance of healthy gut microbiome.

19.4 Pathogenesis and COVID-19

COVID-19 is caused by SARS-CoV-2, a positive-sense, single-stranded RNA virus
of family Coronaviridae and genus Betacoronavirus. The structure of SARS-CoV-
2 virus consists of four structural proteins (membrane (M), envelope (E), nucleocap-
sid (N), spike (S)), 15 mature nonstructural proteins (nsp1�10 and nsp12�16), and
9 accessory proteins (Prates et al. 2020). The SARS-CoV-2 infection occurs by the
entry of virus through ACE2 receptor present on the epithelial cell lining of lung,
gut, and other organs. This receptor is highly expressed (100 times than that in the
lung) in the epithelial cells of the stomach, duodenum, ileum, and rectum as well as
in cholangiocytes and hepatocytes of the liver. However less expression of ACE2
receptor is found in esophageal mucosa. The high number expression of ACE2
receptor in the absorptive enterocytes of the ileum and colon suggests a reason for
digestive symptoms such as diarrhea found in many COVID-19 patients. Butyric
acid is a short-chain fatty acid (SCFA) produced by beneficial gut bacteria Clostridia
species along with propionic and acetic acids (a fermentation product of dietary
fiber) that plays a pivotal role in gut microbial metabolism. In elder persons altered
gut microbiota predisposes COVID-19 patients to severe symptoms of diarrhea due
to disrupted gut barrier (Kim 2021, Fig. 19.1). Next the new virions assembled in the
enterocytes are released into the gastrointestinal tract (Dahiya et al. 2020; Vuille-Dit-
Bille et al. 2020). These newly released virions SARS-CoV-2 destruct more epithe-
lial cells, induce strong immune responses, and trigger cytokine storm in patients.
The viral spike protein S1 mediates the attachment of virus to the host cell membrane
and S2 spike protein favors the fusion of the cell membranes. This process also needs
priming by host cellular enzyme serine proteases (TMPRSS2) which enables viral
S-protein cleavage, thereby controlling the entire mechanism (D’Amico et al. 2020).
Evidence also suggests that ACE2 receptor has protective anti-inflammatory effects
and S-protein of the virus downregulates its expression via increased release of
pro-inflammatory chemokines (MCP1, IP10, and MIP1α) and cytokines (TNF,
IL-1β, IL-6, IL-8, G-CSF, and GM-CSF), thereby causing inflammation and
increased vascular permeability in the lungs (Bonafè et al. 2020). By integrating
the proteome structural analyses with the multi-omics data, a recent study suggests
that COVID-19 not only involves a direct binding of SARS-CoV-2 to ACE2 for cell
entry but also causes an imbalance of various other components of RAS. The
expression profile of RAS genes from cells of bronchoalveolar lavage samples of
COVID-19 patients suggested significantly upregulated angiotensin, renin, MAS,
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ACE, and ACE2. In addition, the expression data from several sources and tissues
also suggest that the SARS-CoV-2 targets the host gastrointestinal system (Prates
et al. 2020). Another study also showed presence of ACE2 receptor-rich lining in
epithelial cells of the lower digestive tract (Wadman et al. 2020). Hence high level of
ACE2 receptor expressing in the gastrointestinal epithelial cells along with high-
level co-expression of TMPRSS2 (cellular serine peptidase) causes coronavirus to
infect gastrointestinal tract along with lungs. This may lead to altered intestinal
permeability and enterocyte malabsorption. Another role of intestinal ACE2 is
involvement in dietary amino acid uptake and regulation of the expression of
antimicrobial peptides (AMPs) to promote intestinal homeostasis (D’Amico et al.
2020). Evidences suggest that ACE2 plays a crucial non-catalytic role in the
modulation of intestinal microbiota composition suggesting that the beneficial
effects of ACE2 are partially mediated through the alteration in intestinal
microbiome. For instance, ACE2-KO animals display altered gut microbial compo-
sition, decreased expression of AMPs, and declined levels of neutral amino acids in
their serum with specific impairment of tryptophan (Trp) uptake, which can be
restored by the tryptophan usage. To support this, the probiotics are shown to reduce
the oxidative stress, positively alter the cholesterol levels, release vaso-deleterious
ACE2-inhibiting peptides, and reduce stress-induced hyper-permeability (Cole-
Jeffrey et al. 2015). ACE2 regulates innate immunity and also influences the
composition of host intestinal microbiota (Perlot and Penninger 2013). Host trypto-
phan metabolites such as the melatonin, serotonin, and kynurenines and the bacterial
tryptophan metabolites like indole, indolic acid, tryptamine, and skatole have effects
on intestinal microbial composition, microbial metabolism, host immune system,
host-microbiome interface, and host immune system-intestinal microbiota
interactions. Thus, ACE2 has a role in regulating intestinal amino acid homeostasis,

Fig 19.1 COVID-19 and gut pathogenesis
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expression of AMPs, innate immunity, and gut microbial ecology. Another pathway
for virus entry inside host cell is that the S-protein of SARS-CoV-2 can bind to
another surface molecule, i.e., CD147 of the host cell. CD147 is mainly found on
hematopoietic cells including red blood cells (RBCs) and neuronal and epithelial
cells in humans. N-protein of SARS-CoV also binds to cyclophilin A in ACE2-
expressing infected host cells. To validate it was found that in vitro inoculation of
human lung epithelial cells with SARS-CoV-2 produces cytopathic effects of the
lung epithelial cells (Gubernatorova et al. 2020). Hence, a strategy to develop
therapeutics against the SARS-CoV-2 is by blocking the ACE2 or TMPRSS2
using compounds like baricitinib and ruxolitinib for ACE2 and camostat mesylate
and nafamostat mesylate for TMPRSS2 or using monoclonal antibodies targeting the
S-protein of SARS-CoV-2 that may inhibit the virus entry or membrane fusion into
the host cell (Tay et al. 2020). The gene expression study via mRNA sequencing has
found that the SARS-CoV-2 infection elicits specific cytokines and interferon-
stimulated genes (ISGs) for type I and III interferon responses (Lamers et al. 2020).

19.5 Dysbiosis

Patients of COVID-19 with gastrointestinal symptoms have illness of longer dura-
tion with delayed viral clearance time than those patients without gastrointestinal
involvement. Certain factors including poor diet, inadequate sanitation,
superimposed infections, and antibiotic uptake may cause dysbiosis. Dysbiosis is
also caused by host factors which are decreased immune function, impaired absorp-
tion, mucosal barrier failure, and pro-inflammatory response. This dysbiosis may
cause over-reactive or under-reactive immune response leading to increase in sever-
ity of the infection. A shotgun sequencing and analysis of stool samples of
15 COVID-19 patients revealed that their fecal microbiome has undergone drastic
changes as compared to controls and at least 23 bacterial taxa were associated with
COVID-19 severity. The amount of beneficial microbes reduced and opportunistic
pathogens have drastically increased in count. The gut dysbiosis in patients has not
reversed even after the clearance of SARS-CoV-2 from throat swabs. It was found
that at baseline, 23 taxa of bacteria were associated with COVID-19 severity and
mainly belong to phylum Firmicutes (15 out of the 23 taxa). Among these, 8 taxa had
displayed a positive correlation and 7 taxa had displayed a negative correlation with
the severity of disease. Coprobacillus, Clostridium ramosum, and Clostridium
hathewayi were the major bacterial genera which had a positive correlation with
the severity of disease (Forrester and Spain 2014). Alistipes onderdonkii and
Faecalibacterium prausnitzii were negatively correlated with COVID-19 severity.
Faecalibacterium prausnitzii is considered to have anti-inflammatory properties and
Alistipes plays a pivotal role in the maintenance of gut immune homeostasis. Also,
Bacteroides dorei, Bacteroides ovatus, Bacteroides thetaiotaomicron, and
Bacteroides massiliensis had a significant negative impact on fecal viral load in
SARS-CoV-2 illness. All of these organisms are associated with the downregulation
of ACE2 expression in the colon (Geva-Zatorsky et al. 2017). This study has
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demonstrated that when the count of certain species increases, expression of ACE2
receptors is upregulated while other species downregulate the ACE2 expression in
COVID-19-infected individuals. There may also be a decrease in beneficial micro-
bial species involved in gut-immune homeostasis and generation of anti-
inflammatory responses required for the suppression of COVID-19 infection.
Hence, in comparison to the healthy individuals, gut dysbiosis might increase the
severity of illness in COVID-19 patients. Another study with analysis of 30 patients
showed that the opportunistic pathogens such as Rothia, Streptococcus, Veillonella,
and Actinomyces outnumbered the beneficial organisms during COVID-19 infection
in patients (Yang et al. 2020; Gu et al. 2020). Obese persons of COVID-19 have gut
dysbiosis with decreased population of Bacteroides species whereas type 2 diabetics
have increased Ruminococcus, Fusobacterium, and Blautia. In them there is
decreased population of Bacteroides, Bifidobacterium, Faecalibacterium,
Akkermansia, and Roseburia. In elderly COVID-19 patients Bacteroidetes are
increased and Firmicutes are decreased (Hu et al. 2021, Fig. 19.2). In the manage-
ment of patients with preexisting digestive diseases such as IBD, COVID-19
infection may mimic IBD exacerbations. Hence, IBD patients should be tested for
SARS-CoV-2 before assuming it a flare. It is also assumed that IBD patients are at
higher risk of developing COVID-19 complications as the ACE2 expression and
activity of host cell trypsin-like proteases are increased in inflamed gut of these
patients (Queiroz et al. 2020).

Fig 19.2 How SARS-CoV-2 virus infection causes dysbiosis
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19.6 Diet, Probiotics, and COVID-19

The content of low fiber, high fat, and abundant carbohydrate in daily diet leads to
gut dysbiosis (Trompette et al. 2014). This may change the homeostasis with
alteration in immune response of an individual. A study on mice showed that intake
of high-fiber diet leads to higher levels of circulating short-chain fatty acids which
protects against allergic inflammation in lungs. Hence a diet rich in fiber regulates
gut microbiota as well as lung microbiota which shows an effect on lung immunity
(Valdes et al. 2018). Intake of whole grains, vegetables, and fruits induces growth of
Bacteroides, Bifidobacterium, and Lactobacilli in the gut. Gut microbiome is more
stable and achieves microbial environment resembling the adults with greater resis-
tance towards infections by 3 years of age (Heiman and Greenway 2016). It has been
found that consumption of dietary fibers lowers down the serum levels of C-reactive
protein (CRP), tumor necrosis factor-alpha (TNFα), interleukin IL-6, and IL-18, and
thus has an inverse correlation with disease severity. High-fiber diet lowers blood
glucose level and increases plasma concentrations of adiponectin (an insulin-
sensitizing adipo-cytokine with anti-inflammatory properties) (Williams 2010).
Hence, a balanced diet rich in cereals, legumes, fruits, whole grains, unsaturated
fatty acids, and green vegetables is generally recommended to fight against SARS-
CoV-2 infection and for those who are in quarantine as well as for patients who are
asymptomatic or have mild symptoms to improve their chances of recovery. Thus,
COVID-19 patients should adopt a diversified diet with high-fiber and plant-based
foods (Trottein and Sokol 2020) to strengthen intestinal epithelial barrier, lower
down the pro-inflammatory state, and increase the intestinal motility (Trottein and
Sokol 2020).

Probiotics are the nonpathogenic live organism spores which are safe and can be
supplemented with diet. The major classes of probiotics belong to the genera
Bifidobacterium, Lactobacillus, and Saccharomyces. Probiotics increases the activ-
ity of T cells and NK cells and phagocytic activity of polymorphonuclear cells.
Hence, probiotics have a significant role in maintaining the immunogenic homeo-
stasis of the gut. Other functions of probiotics are to maintain the pH of the intestine
and to lower the invasion or colonization of the pathogens in the gut. Probiotics have
been found to be helpful in the recovery against various diseases, for instance
ulcerative colitis, antibiotic-associated diarrhea (AADs), as well as infectious diar-
rhea and hepatic encephalopathy (Wilkins and Sequoia 2017). It has been found that
probiotic species like Bifidobacterium breve and Lactobacillus rhamnosus are bene-
ficial to mice in terms of modulating the innate immune response as well as
maintaining the balance of inflammatory responses in mice. Probiotics intake
influences the ACE2 receptors as their microbial fermentation produces ACE inhibi-
tory peptides leading to decreased production of angiotensin-2 (Dave et al. 2016).
Human cathelicidin, LL-37, is a human antimicrobial peptide with a broad range of
activities against the bacterial and viral pathogens (Mookherjee et al. 2020). The
immunomodulatory and protective effect of cathelicidin upregulates the count of
Lactococcus lactis (Wong et al. 2012) which can be a step ahead in helping combat
the COVID-19 infection by using antimicrobial peptide-expressing probiotics
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delivery system (Wong et al. 2012). Empirical use of antibiotics in the early phase of
COVID-19 patients may lead to more unfavorable dysbiosis. Hence, in the early
phase of COVID-19, patients can suffer from dysbiosis of gut microbiome. There-
fore, intake of probiotics may restore the balance of colonic microbiota which may
reduce the incidence of secondary coinfections. It was found that the dosage of
probiotic species (Bacillus subtilis, Enterococcus faecalis, and Lactobacillus
rhamnosus GG) to the ventilator-ridden patients with severe COVID-19 illness
resulted in minimizing their ventilator requirements in comparison to placebo
(Li et al. 2019). The increase in production of intestinal butyrate using probiotics
is helpful to strengthen the gut epithelial cell health. The use of Bifidobacteria and
Lactobacilli is considered beneficial for butyrate production. Similar role of
F. prausnitzii in stimulating butyrate along with anti-inflammatory properties in
the intestine has been found in facilitating the treatment for inflammatory bowel
disease (Lopez-Siles et al. 2017).

Prebiotics like maize fiber and polydextrose are known to improve digestion and
boost immunity via reconstructing the gut microbiome symbiosis especially among
the elderly people. Prebiotics act closely in the growth and function of probiotics in
the gut. Gut microbes, particularly belonging to probiotic genera, act upon prebiotics
(fructan, glucan, arabinoxylan) and utilize them as their growth substrates to produce
short-chain fatty acids (SCFAs), butyric acid, and propionic acid. These end
products affect the differentiation or functions of T cells, macrophages, and dendritic
cells. Prebiotics regulate various pro- and anti-inflammatory cytokines. They pro-
mote maturation, differentiation, and reproduction of macrophages and lymphocytes
and activate reticuloendothelial cells. Complex carbohydrates found in whole grain
are known to decrease the concentration of pro-inflammatory cytokines (IL-6).
Likewise, butylated high-amylose maize starch has been shown to enhance the
concentration of anti-inflammatory cytokines (IL-10) (Collado et al. 2018; Johnson
et al. 2019). Gut microbes metabolize prebiotics and various dietary components and
produce short-chain fatty acids (SCFAs), elevating their intestinal concentration,
which in turn regulates the lymphoid (gastrointestinal as well as secondary) tissues
(Agans et al. 2011). SARS COVID-19 virus after entering lungs activates lung
immune system as well as through gut-lung axis does immune activation in gut
microbiome. Healthy gut microbiome with its strong immune intervention may bring
recovery in COVID-19 patients with correction of dysbiosis. Due to complex gut
microbiota ecosystem, a single food item may not be helpful to dramatically shift its
overall composition. The role of the Mediterranean diet has been found to boost
immunity with a regular supply of dietary fibers in adequate quantity. Mediterranean
diet is characterized by high consumption of whole grains, vegetables, legume, nuts,
extra-virgin olive oil (rich in polyphenols), and fats mostly in the form of unsaturated
fatty acids and low consumption of processed meats and refined sugars. This diet has
favorable modulation of relative gut microbial abundance with diversity to maintain
its homeostasis (De Filippis et al. 2016). On the other hand, paying attention to the
effects of microbial-diet-host interactions, diet consisting of diversified food items
such as fermented dairy products, vegetables, whole grains, and fermented soybeans
naturally enriched with probiotics such as Lactobacillus bulgaricus and

19 Gut Microbiome in COVID-19: New Insights 343



Streptococcus thermophilus is vital and beneficial in numerous ways as it creates a
nurturing environment that helps maintain the host immunity (Ghosh et al. 2019). At
this time when various drugs are being tested for the cure of COVID-19 disease with
no clear success as yet the role of probiotics in various clinical trials is being
analyzed to lessen the severity and incidence of COVID-19 infection. It may be
that inter-individual variation in gut microbiome will have different efficacy on
suggested various interventions for using gut microbiota in our fight against
SARS-CoV-2 infection. So far, the International Scientific Association of Probiotics
and Prebiotics (ISAPP) has mentioned that scientists and clinicians globally are
studying to gain further insights of the relationship between the healthy gut
microbiome and susceptibility to COVID-19 with assessment of the role of various
probiotic strains to lower the viral load in patients. A multicenter randomized,
double-blind, placebo-controlled phase 2 trial is being done to assess the role of
probiotic Lactobacillus rhamnosus GG in the prevention and treatment of COVID-
19 infection (Hu et al. 2021). More studies are being done to understand the host
immunity to overcome and recover from COVID-19 illness either via manipulating
the gut microbiota composition or via enhancing vaccine response. Diversified
dietary strategies directed to restore beneficial microbiota may possibly suppress
viral infection in the elderly and those with underlying health problems. A
far-reaching approach should consist of randomized, multicenter, controlled trials
to explore the potential benefits of gut microbiome and how changes in dietary habits
can be used as an add-on strategy against the COVID-19 pandemic.
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